Abstract The reactivity of two series of compounds: alkyl x-oxoalkanoates (x = 2, 3, 4 and 6), and alkyl x-phenyl-y-oxoalkanoates (y = 2 and 4) has been studied in the catalytic transfer hydrogenation (CTH) over magnesium oxide as the catalyst. The catalytic tests have been performed either in liquid or vapor phase with secondary alcohols (2-propanol to 2-octanol) as hydrogen donors. A strong diminution of reactivity of the ketoesters in CTH has been observed, in contrast to simple aliphatic or aralkyl ketones. The occurrence of transalcoholysis between ketoesters and alcohols used as hydrogen donors resulted in the formation of new ketoesters as side products. The hydroxoesters, i.e. the products of the CTH reaction, have been obtained with only moderate to good yields (up to 50 %). It has been found that in the CTH of ketoesters with the carbonyl group in a c position, such as alkyl levulinates and benzoylpropionates, the appropriate lactones (c-valerolactone and 5-phenyl-c-valerolactone) have been formed.
Introduction
Catalytic hydrogen transfer, also known as catalytic transfer hydrogenation (CTH), is a useful method for the reduction of many aldehydes and ketones to the corresponding alcohols under mild conditions [1, 2] . This reduction can be performed either in vapor or liquid phase, depending on the acceptor reactivity, with alcohols as hydrogen donors. What is also very important is that it does not require any special equipment due to the lack of hydrogen gas and operation under atmospheric pressure. Metal oxides, such as MgO [3] [4] [5] [6] , Al 2 O 3 [7] , ZrO 2 ÁnH 2 O [8] [9] [10] , as well as mixtures of two or three metal oxides [11] [12] [13] [14] , magnesium phosphates [15] and zeolites [16] [17] [18] have been used as catalysts. Recently, the catalysts obtained from hydrotalcites have also been used in CTH [12, [19] [20] [21] . According to the published works, MgO is one of the most efficient oxide catalysts in the CTH of carbonyl compounds with alcohols [1, 2] .
Various carbonyl compounds have been studied as hydrogen acceptors in the CTH in the presence of magnesium oxide. The reactivity of aliphatic straightchained ketones with short and long alkyl chains [5, 22] , the latter with a carbonyl group which occupies all the positions along the carbon chain [5] , branched ketones with alkyl or cycloalkyl groups of different bulkiness [5] in CTH have been determined. Various cycloalkanones, from cyclopentanone up to cyclopentadecanone have been used as hydrogen acceptors [23, 24] . The unprecedented diastereoselectivity of MgO (C98 %) has been shown by us in the liquid phase CTH of 4-t-butylcyclohexanone with secondary alcohols [6] . A comprehensive study of the reactivity of a series of mono-, di-and trisubstituted aralkyl ketones in CTH over MgO, either in vapor or liquid phase, has been published recently [4] .
The CTH is also known as a chemoselective reduction method of a,bunsaturated carbonyl compounds into unsaturated alcohols [20, [25] [26] [27] [28] . It is well known that the hydrogenation of these carbonyl compounds with gaseous hydrogen under pressure in the presence of the majority of metallic catalysts leads to the formation of only saturated carbonyl compounds (aldehyde/ketones) or saturated alcohols as the main products.
Ketoesters are organic compounds containing two functional groups with quite different reducibility. The presence of the prochiral carbonyl group in their molecules focuses attention of many chemists due to the stereochemical aspects of its asymmetric hydrogenation in the presence of metallic catalysts modified by various chiral auxiliaries [29, 30] . Although the CTH of various carbonyl compounds has been studied systematically since the 1970s, the reduction of ketoesters by this method has remained unexplored until almost the present day. Recently, only esters of levulinic acid, the products of the hydrolysis of lignocellulosic materials treated as renewable biomass, have been used as hydrogen acceptors. c-Valerolactone (GVL), the product of their transformations has been obtained using formic acid as a hydrogen source in the presence of noble metals (Ru, Au) [31, 32] or using secondary alcohols as hydrogen donors in the presence of metal oxides as catalysts [33] . It has been reported that among metal oxides such as MgO/Al 2 O 3 , MgO/ZrO 2 , CeO 2 /ZrO 2 , Al 2 O 3 and ZrO 2 , the last oxide has shown the highest activity in the liquid phase transfer hydrogenation of alkyl levulinates at 423 K performed under 2.1 MPa pressure [33] . Until now, neither the activity of pure MgO in the CTH of ketoesters has been measured nor systematic studies of the CTH of various ketoesters with alcohols as hydrogen donors have been undertaken. Herein, we report the activity of MgO in liquid and vapor phase transfer hydrogenation of two series of ketoesters with a set of secondary alcohols as hydrogen donors, as a continuation of our studies on the use of magnesium oxide as a catalyst in the CTH of carbonyl compounds.
Experimental
Catalyst synthesis and characterization Magnesium oxide was prepared by the thermal decomposition of Mg(OH) 2 (0.16-0.40 mm grain diameter) at 873 K for 1 h in a stream of dry air and for 5 h in a stream of dry deoxygenated nitrogen. The details of its preparation are described elsewhere [28] .
Magnesium oxide was characterized by a number of techniques, such as: XRD (powder diffraction patterns were obtained on a D-5000 Siemens diffractometer with Ni-filtered CuK a radiation), TG-DTA (NETZSCH STA 449 thermobalance, heating ramp 10 K min -1 in Ar flow) and nitrogen physisorption (Micromeritics ASAP 2020). The concentrations of acidic and basic sites were measured using titration (with solutions of n-butylamine, triethylamine, and benzoic acid). The strength of acidic and basic sites was measured using Hammett's indicators, according to the procedure described elsewhere [34] .
Hydrogen acceptors (Scheme 1)
Ethyl esters of the following acids: pyruvic (1), acetoacetic (2), and benzoylformic (5) acids were supplied by Aldrich. Alkyl esters of levulinic acid (2-propyl (3a), nbutyl (3b) and 2-octyl (3c)) were prepared by direct esterification of levulinic acid (98 %, Aldrich) with the appropriate alcohols in toluene as a solvent, in the presence small amounts of p-toluenesulfonic acid. 6-Oxoheptanoic acid was prepared by oxidation of 2-methylcyclohexanone according to the procedure described in literature [35] . Its 2-propyl ester (4) was prepared in the same manner as the esters of levulinic acid. Benzoylpropionic acid was prepared by acylation of benzene with succinic anhydride in the presence of anhydrous aluminum chloride as the catalyst [36] . Its 2-propyl ester (6) was synthesized in direct esterification in toluene as a solvent in the presence of p-toluenesulfonic acid as the catalyst. All esters were purified by fractional distillation under reduced pressure, the purities of the middle fractions exceeded 99 % (GC).
2-Undecanone (7) (methyl n-nonyl ketone) (99 %, Aldrich) and valerophenone (8) (1-phenyl-1-pentanone) (98 %, Aldrich) were distilled under reduced pressure Scheme 2.
Hydrogen donors 2-Propanol (p.a., POCh Gliwice, Poland), 2-butanol (99.5 %, Ubichem, England) and 2-pentanol (98 %, Aldrich) were distilled under normal pressure over metallic potassium in dry nitrogen atmosphere and were stored over dried molecular sieves (3 Å ) in Schlenk-type containers. 2-Octanol (97 %, Aldrich) was distilled under reduced pressure through a 50 cm long vacuum jacketed Vigreux column and the middle fraction with a purity of 98.8 % (GC) was used for catalytic tests.
Other reactants
Benzoic acid (99 %, Aldrich) was purified by sublimation under reduced pressure. n-Butylamine and triethylamine (99 %, both Aldrich) were dried over KOH pellets for 2 weeks and distilled over metallic potassium in the atmosphere of nitrogen directly to Schlenk-type containers. After preliminary drying by distillation, toluene (pure p.a., POCh Gliwice, Poland) was refluxed with sodium metal and benzophenone in the atmosphere of dry nitrogen and distilled directly to a Schlenk-type container. 
Catalytic activity measurements
Catalytic tests in the liquid phase were performed in a one-piece glass apparatus which consists of a flat bottomed cylinder (20 cm 3 volume) with a side arm with a screw cap and a condenser connected with a vacuum-nitrogen line. To the reactor, previously equipped with a magnetic bar, a weighed sample of the catalyst (400 ± 10 mg, 1 mmol) was introduced in a stream of nitrogen followed by a hydrogen donor (5, 10 or 20 mmol), an ester (1.25 mmol) and 400 mg of an internal standard (t-butylbenzene or 1,3,5-triisopropylbenzene). The reactor was immersed in a hot thermostated oil bath which was placed on the plate of a magnetic stirrer. The boiling point of the stirred mixture was considered the beginning of the reaction. Samples for analysis (c.a. 0.10 cm 3 ) were taken through the side arm of the reactor after 1, 3 and 6 h of reaction and centrifuged (20 min, 3,200 rpm) in order to let the suspension of the catalyst settle.
Vapor phase catalytic tests were performed in a tubular glass reactor with a fixed catalyst bed (250 mg MgO, 0.40-0.63 mm grain diameter). A sample of the catalyst was introduced in a stream of nitrogen. A solution of a given ketoester in alcohol, at D/A = 4 mol/mol, was dosed using a microdosing pump with LHSV: 2 cm 3 g
into a stream of nitrogen (50 cm 3 min -1 ). The reaction products were analyzed by GC using HRGC KONIK (Spain) equipped with a TRACER wax capillary column (length 30 m, 0.25 mm i.d.) and a FID detector. For samples collected in vapor phase experiments, n-decane and ndodecane were used as internal standards. Compounds were identified by GC-MS (HP-6890 N with mass detector 5973 N) and by comparison of the retention times with those of standard samples.
Results and discussion

Characterization of MgO catalyst
High surface area MgO (S BET = 99.7 m 2 g -1 , V p = 0.529 cm 3 g -1 and D p = 17 nm) was prepared by calcination of previously prepared magnesium hydroxide. The TG-DTA analysis has revealed that the weight loss of a sample of Mg(OH) 2 (320-873 K) is 30.41 % (exp), 30.89 % (calc). The periclase structure of the obtained oxide was confirmed by X-ray diffraction (Fig. 1) . The acid-base properties of the MgO are presented in Table 1 .
It has been shown that the prepared MgO is a very strong solid base. Its strongest basic sites fall in the region of superbasicity (H -[ 26.5) according to Tanabe [37] . Moreover, the concentration of basic sites is also extremely high (1,785 lmol g -1 ). This value is very high in comparison to the ones usually reported in literature. The difference is caused mainly by the fact that benzoic acid is at least 100 times stronger acid than the most popular probe molecule used in TPD measurements (CO 2 ).
On the other hand, the strength of acidic sites of MgO (Brønsted type) as determined by titration with triethylamine is very weak and their concentration is extremely low (Et 3 N, 10 lmol g -1 ). It was assumed that due to steric demands, triethylamine reacts preferentially with Brønsted type acidic sites. However, the titration of MgO with n-BuNH 2 revealed that the surface of the oxide also contains noticeable concentration of Lewis acidic sites (*100 lmol g -1 ).
Reduction of CH 3 CO(CH 2 ) n COOR (n = 0, 1, 2 and 4) type ketoesters Reduction of a ketoester by secondary alcohols, in the presence of MgO as the catalyst, proceeds according to Scheme 3. A hydroxoester and ketone were the products of the main reaction. The high basicity of the catalyst favors the occurrence of side reactions, such as transalcoholysis of the starting ketoester, when its alkyl group is different from the alkyl group in the molecule of the donor (Scheme 4). The results clearly show that the reduction of c-ketoesters, such as alkyl levulinates, is accompanied by the cyclization of the primary reaction product with the formation of c-valerolactone (GVL) (Scheme 5).
The CTH of 2-propyl levulinate (3a) with alcohols results in the formation of GVL. Neither 2-propyl 4-hydroxovalerate (3a 0 ) nor 2-pentyl (3d) or 2-octyl levulinates (3c) were observed among reaction products. A lack of other compounds derived from the starting ester has also been noted. The yields of the GVLs after 1, 3 and 6 h in transfer hydrogenation of alkyl levulinates (3) three different hydrogen donors and hence three different temperatures are presented in Fig. 2 . A strong dependence of the reactivity of 2-propyl levulinate (3a) on temperature has been found (Fig. 2) . The order, regardless of the reaction time, was: 355 \ 392 \ 451 K. The differences increase with the reaction time. After 1 h of operation, only traces of the GVL were found at 355 K, whereas 1 and 2 % yields were noted at 392 and 451 K, respectively. Two hours later, the yields increased slightly and were 2, 3 and 5 %. It was observed that the increase of reaction time from 1 to 3 h was not as big as that between 3 and 6 h. After 6 h of reaction, the yield of the GVL at 451 K was almost five times as big as that observed at 392 K and almost five times that noted at 355 K.
In the case of all three studied temperatures, there is a significant increase of the yield of the desired product in time (Fig. 2) . The smallest difference was noted in the case of the lowest temperature, whereas the most pronounced difference was found at 451 K. Studies on the influence of the type of an alkyl group in alkyl levulinates (3) on their reactivity have also been carried out. Their results are shown in Fig. 3 . Both levulinates containing secondary alkyl groups (3a and 3c) showed higher reactivity than n-butyl levulinate (3b). The yields of GVL obtained at the two lower temperatures do no exceed 5 %, whereas those obtained at 451 K are 23, 18 and 37 % for 2-propyl levulinate (3a), n-butyl levulinate (3b), and 2-octyl levulinate (3c), respectively. The highest difference of yields with the change from 392 to 451 K was observed for 2-octyl levulinate (3c) and equaled 33 %. The elongation of the secondary alkyl group results in a steep increase of the ester's reactivity. For these ketoesters a very high selectivity to GVL ([98 %) has been found, which resembles that for 2-propyl levulinate (3a).
In order to establish how the donor/acceptor ratio impacts the yield of the GVL, the reaction with 2-octyl levulinate (3c) was carried out at three different donor/ acceptor ratios after 1, 3 and 6 h of operation. The studied donor/acceptor ratios were: 4, 8 and 16. After all three periods, there was an increase of the yield of the desired product with the increase of the ratio, although the ratio of the yields was different. After 1 h of reaction with a D/A = 4, the yield was only 3 %. It went up by 2 % when the ratio was doubled and again increased by 5 % when the D/A ratio were 9, 24 and 37. It was noted that after 6 h of reaction, the decrease of the donoracceptor molar ratio from 16 to 4 leads to a drop of the yield of GVL by 26 % (Fig. 4) , which is bigger than those found for the two shorter times.
The results of CTH of other alkyl ketoesters with the general formula CH 3 CO(CH 2 ) n COOR, where n = 0, 1 and 4, with 2-pentanol or 2-octanol as hydrogen donors in the presence of MgO are collected in Table 2 . For the first two members of this set of ketoesters, namely ethyl pyruvate (1) and ethyl acetoacetate (2), a fast uptake of these esters with time was observed. Although for pyruvate (1) and acetoacetate (2), conversions as high as 89 and 97 % after 1 h of reaction were noted, no products were found in liquid mixtures collected during tests. It was shown that the direct reaction between the above-mentioned esters and MgO occurs with the formation of a salt-like product, which is responsible for their uptake. This type of reaction is caused by the high basicity of the catalyst and secondly by the presence of acidic hydrogen atoms in the molecules of both ketoesters. Indeed, after the introduction of each ketoester into the reactor chamber, a strong coloration of the catalyst together with the changes in its constitution (mud-like appearance) was observed within a short period of time.
In the case of 2-propyl-6-oxoheptanoate (4) transformations, the transalcoholysis of the ester was the main reaction irrespective of the temperature and other reaction conditions (Scheme 6). Yields as high as 58-61 % of 2-octyl 6-oxoheptanoate (4a) were found after 6 h and were accompanied by much lower yields of the product of the transfer hydrogenation. It has been shown that the increase of the donor/acceptor molar ratio from 8 to 16 causes a steep increase in the yield of 2-octyl 6-hydroxoheptanoate (4a 0 ) from 7 to 35 %. Reduction of PhCO(CH 2 ) n COOR (n = 0, 2) type ketoesters
The CTH of two representatives from this group of ketoesters, namely ethyl benzoylformate (5) and 2-propyl benzoylpropionate (6), was studied. The results are gathered in Tables 3 and 4 . For the former ester (5), three reaction paths have been observed (Scheme 7). First, transfer hydrogenation of a substrate with the formation of ethyl mandelate (5 0 ); second, the transalcoholysis of a substrate into 2-alkyl benzoylformate (5a, 5b or 5c); and third, subsequent transfer hydrogenation of the primary reaction product-2-alkyl benzoylformate (5a, 5b or 5c) into 2-alkyl mandelate (5a 0 , 5b 0 or 5c 0 ). It has been found that the main reaction path is the transalcoholysis of the ketoester, which is followed by subsequent transfer hydrogenation of the primary reaction product. High yields of 2-alkyl benzoylformates (5a, 5b or 5c), up to 81 %, were noted. Moreover, an increase in the reaction temperature causes higher yields of 2-alkyl mandelate (5a 0 , 5b 0 or 5c 0 ) at the expense of the yield of 2-alkyl benzoylformate (5a, 5b or 5c). At 451 K, a 50 % yield of the former product and a 45 % yield of the latter were reached after 6 h of reaction. The direct transfer hydrogenation of ethyl benzoylformate (5) leads to low yields of ethyl mandelate (5 0 ) (\7 %) only. It was shown that during the CTH of 2-propyl benzoylpropionate (6), the ketoester underwent the same transformations as it was observed in the case of 2-propyl levulinate (3a, Scheme 5). In accordance with this statement, the formation of 5-phenyl-c-valerolactone (5-Ph-GVL) as the only product was noted (Scheme 8).
Neither 2-alkyl benzoylpropionates (6, 6a, 6b or 6c) nor 2-propyl 4-phenyl-4-hydroxobutyrate (6 0 ) were found in the reaction mixtures. The absence of the latter is caused by its spontaneous transformation into 5-Ph-GVL.
Comparing the reactivity of both ketoesters (3 and 6) in CTH, for which the formation of lactones has been observed, one can state that the phenyl derivative is more reactive. For this ester as the substrate, yields of 5-Ph-GVL as high as 64 % were reached.
For vapor phase measurements, two ketoesters for which transfer hydrogenation leads to the formation of lactones were chosen (Figs. 5 and 6 ). In the case of 2-propyl levulinate (3a) as the hydrogen acceptor, two reaction paths were observed. In the first one, the elimination of 2-propanol leads to the formation of isomeric a-(9) and b-angelica (10) lactones according to the equation presented in Scheme 9. In the second path the transfer hydrogenation of the ketoester into hydroxoester leads to the formation of GVL according to Scheme 5. It was observed that angelica lactones were the dominating products regardless of the reaction temperature (573-673 K). At the highest temperature, the yield of GVL did not exceed 7 %.
Low yields of 5-Ph-GVL (\9 %) were noted in the CTH of 2-propyl benzoylpropionate (6) with 2-propanol as the hydrogen donor. Only a slight increase of the yield of the lactone with reaction temperature has been observed.
Additional studies were undertaken to compare the reactivity of the studied ketoesters with the reactivity shown by aliphatic and aralkyl ketones in transfer hydrogenation in the presence of MgO as the catalyst. As the representatives of the above-mentioned ketones, 2-undecanone (7) and valerophenone (8) were chosen (Table 5) . Aliphatic ketoester did not show any reactivity in CTH with 2-pentanol at 392 K in the presence of MgO. Very low reactivity (7 %) was observed at a much higher temperature (451 K) with 2-octanol. It has been expected that for 2-propyl 6-oxoheptanoate (4), in which the carbonyl and carboxyl groups are separated by four carbon atoms, the reactivity of the carbonyl would not be influenced by the second group. Contrary to this, for the ketoester, such a big distance was deeply insufficient to preserve the high reactivity which is exhibited by simple aliphatic ketones. However, in a set containing a phenyl substituent, the ketoester (5) was also less reactive than the aralkyl ketone (9), but the difference between their reactivities was not as big as in the aliphatic set. In other words, the presence of the phenyl substituent in the ketoester molecule enables the preservation of its reactivity in CTH despite the strong deactivation caused by the carboxyl group.
Conclusions
The results of this thorough investigation show that an increase in the temperature or the time of the reaction increases the yield of the desired product. Moreover, the increase of the donor/acceptor ratio also has a positive effect of the GVL yield. In general, the reactivity of various ketoesters in CTH in liquid phase is much lower than the reactivity shown in CTH by aliphatic or aralkyl ketones. Even for 2-propyl 6-oxoheptanoate, in which the carbonyl and carboxyl groups are separated by four carbon atoms, the reactivity of the carbonyl group is greatly influenced by the latter group. It has also been found that the presence of a phenyl substituent in the molecule of a ketoester enhances its reactivity. It was found that the main side reaction is the transalcoholysis of ketoesters caused by the alcohols used as hydrogen donors. The products of this reaction were not observed only in the case of the ketoesters possessing the carbonyl group in the c position. Thus formed hydroxoesters undergo cyclization with the formation of lactones. Although the vapor phase mode of reaction has been performed at higher temperatures (573-673 K) than the liquid phase (355-451 K) it did not lead to any increase of the yield of the desired products.
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